Context. The majority of the intermediate mass, pre-main-sequence Herbig Ae/Be stars reside in binary systems. As these systems are young, their properties may contain an imprint of the star formation process at intermediate masses (2-15 M ⊙ ). However, these systems are generally spatially unresolved, making it difficult to probe their circumstellar environment to search for manifestations of their formation process, such as accretion disks. Aims. Here we investigate the formation mechanism of Herbig Ae/Be (HAe/Be) binary systems by studying the relative orientation of their binary orbits and circumstellar disks. Methods. We present linear spectropolarimetric observations of HAe/Be stars over the Hα line, which are used to determine the orientation of their circumstellar disks. In conjunction with data from the literature, we obtain a sample of 20 binaries with known disk position angles (PAs). We subsequently compare our disk PA data to a model to investigate whether HAe/Be binary systems and their disks are co-planar. Moreover, in the light of a relatively recent suggestion that some HAe/Be star spectropolarimetric signatures may not necessarily be related to circumstellar disks, we re-assess the relationship between spectropolarimetric signatures and disk PAs. We do this by comparing spectropolarimetric and high spatial resolution observations of young stellar objects (both HAe/Be and T Tauri stars). Results. We find that spectropolarimetric observations of pre-main-sequence stars do indeed trace circumstellar disks. This finding is significant above the 3σ level. In addition, our data are entirely consistent with the situation in which HAe/Be binary systems and circumstellar disks are co-planar, while random orientations can be rejected at the 2.2σ level. Conclusions. The conclusive alignment (at more than 3σ) between the disk PAs derived from linear spectropolarimetry and high spatial resolution observations indicates that linear spectropolarimetry traces disks. This in turn allows us to conclude that the orbital planes of HAe/Be binary systems and the disks around the primaries are likely to be co-planar, which is consistent with the notion that these systems form via monolithic collapse and subsequent disk fragmentation.
Introduction
Herbig Ae/Be stars are intermediate mass, 2 − 15 M ⊙ , pre-mainsequence stars (see e.g. Herbig 1960; Hillenbrand et al. 1992; Waters & Waelkens 1998; Hernández et al. 2004) . They are the most massive objects to experience an optically visible premain-sequence (PMS) phase. Therefore, they provide a key opportunity to study the early evolution of stars more massive than the lower mass T Tauri stars at these wavelengths. Herbig Ae/Be (HAe/Be) stars span the transition between low and high mass objects. As a result, it has been postulated that there is a change in accretion mechanism within the HAe/Be mass range (see e.g. Vink et al. 2002; Eisner et al. 2004; Monnier 2005) . If this is the case, the more massive Herbig Ae/Be stars may form in the same fashion as the most massive stars. Consequently, the study of Herbig Ae/Be stars may be used to constrain the process of massive star formation, which is still not fully understood (see e.g. Zinnecker & Yorke 2007) . Baines et al. (2006) used spectroastrometry to detect unresolved HAe/Be binary systems and they compared the position angle (PA) of the systems to the orientation of their circumprimary disks. They reported that the binary and circumprimary disk PAs of the systems in their sample are preferentially aligned. This indicates that the circumstellar disks lie in the same plane as the binary orbit. In turn, this suggests that these systems formed via a scenario that features fragmentation, as opposed to alternatives involving the capture of binary companions. This is consistent with one model of massive star formation. Using 3D radiation-hydrodynamic simulations, Krumholz et al. (2009) show that stars of even 40M ⊙ can form via monolithic collapse and disk accretion. A prediction of these models is that disk fragmentation leads to binary systems. The resultant binary system is aligned with the original fragmented disk structure. Therefore, because of angular momentum considerations, the binary system is also aligned with the inner accretion disk that reaches onto the primary star's surface. In addition, the secondary, at a distance of approximately 1000 AU, has a relatively high mass. It has also been proposed that massive stars form via competitive accretion. In this scenario, a star gains material from its parental cluster. In the process, binary systems are formed via stellar capture. These binaries start as solar mass binaries at separations of the order of 1000 AU and evolve into close high mass binaries at approximately 1 AU (Bonnell & Bate 2005) , much closer than in the monolithic accretion scenario. Also, as these systems are formed via stellar capture, the binary orbital planes and circumprimary disks do not necessarily lie in the same plane (Moeckel & Bally 2007) , unlike the monolithic collapse and disk fragmentation scenario. Therefore, the properties of binary systems can be used to constrain the star formation mechanism at high masses.
The work of Baines et al. (2006) was extended by Wheelwright et al. (2010) who used spectroastrometry to determine the mass ratios of HAe/Be binary systems. They found that the mass-ratio distribution of HAe/Be binary systems favours comparable masses, further indicating that these systems formed via disk fragmentation. However, the sample of Baines et al. (2006) which initially suggested this was small (6 objects), while a comparison with model simulations of co-planar binary orbits and disks was lacking. Therefore, the relative alignment of HAe/Be binary orbits and circumstellar disks is still uncertain. We aim to extend the work of Baines et al. (2006) and address this uncertainty by enlarging the sample of binary HAe/Be stars with known disk PAs.
To achieve this, we require a large sample of HAe/Be binary systems with known disk orientations. We generate a sample of 20 such systems using linear spectropolarimetry and high spatial resolution data from the literature. Spectropolarimetry offers a unique opportunity to probe the circumstellar environment of young stellar objects on scales small enough to study accretion disks. If a star is surrounded by a hot disk, free electrons in the disk can polarise the light of the central star. Emission-line photons emanating from the disk do not pass through the polarising medium, unlike the continuum light. Consequently, emission lines are depolarised with respect to the continuum. Therefore, a depolarisation signature over an emission line can be used to infer the presence of a small-scale, otherwise undetected disk (Clarke & McLean 1974; Poeckert 1975; Poeckert & Marlborough 1976) . Alternatively, if accretion shocks produce emission lines close to the star, the presence of a disk may be manifest by scattering polarisation of a compact source of line emission (Vink et al. 2002 . Furthermore, spectropolarimetric signatures can also be used to constrain the geometry of such disks (e.g. Vink et al. 2005b ).
Linear spectropolarimetry is well established as a technique to study spatially unresolved disks around HAe/Be stars (see e.g. Oudmaijer & Drew 1999; Vink et al. 2002 Vink et al. , 2005a Mottram et al. 2007 ). However, the use of spectropolarimetry to study disks has recently been revisited by . The authors report observations of spectropolarimetric signatures across absorption components of Hα emission lines. It is suggested such signatures are due to a process other than scattering in a disk. Instead, Kuhn et al. (2007) propose that optical pumping and absorption in winds may be responsible. Optical pumping, i.e. a preferential population of different magnetic sub-states of the lower level of an atomic transition, may be caused by an anisotropic radiation field. If a gas is optically pumped, its opacity will depend upon the orientation of the electric field of incident radiation. As a result, the absorption of light in such gas can result in linear polarisation effects across absorption features (see Kuhn et al. 2007 Kuhn et al. , 2010 . We note that all spectropolarimetric signatures require a flattened, asymmetric geometry otherwise the polarisation vectors cancel. This is independent of the polarising mechanism. Nonetheless, if the polarisation signatures of HAe/Be stars originate in significantly asymmetric winds, this does not automatically demand an inward coplanar extension of any large-scale circumstellar disk.
Here we investigate whether there is a clear relationship between the angle of polarisation and disk orientation which, at minimum signals alignment between the unresolved and resolved spatial scales. Such an outcome is required if indeed the bulk of the observed linear polarisation of these objects is due to a circumstellar disk. This paper is structured as follows. In Section 2 we evaluate the alignment of HAe/Be binary systems and circumstellar disks using linear spectropolarimetry over Hα to determine the PAs of disks in HAe/Be binary systems. To justify the use of spectropolarimetry to trace circumstellar disks, we reassess the relationship between spectropolarimetric signatures and disk PAs in Section 3. Finally, we discuss the results and conclude the paper in Section 4.
2. The relative orientation of HAe/Be binary systems and circumstellar disks.
The key to determining whether HAe/Be binary planes and circumstellar disks are preferentially aligned is to use a large sample of binary systems with known disk PAs. There are several studies of HAe/Be star binary systems (see e.g. Baines et al. 2006; Wheelwright et al. 2010) . However, there are few measurements of the orientation of the circumstellar disks in these systems. Linear spectropolarimetry is the favoured technique to probe the orientation of HAe/Be star disks since a sample of ∼20 can be obtained in a few nights of observing (see e.g. V2002).
To maximise our sample of disk PAs, we have conducted new Hα spectropolarimetric observations; taken linear spectropolarimetric results from previous work; and assimilated additional constraints on HAe/Be star disk orientations from the literature. We first present the additional spectropolarimetric observations we undertook (Section 2.1). We then use the assembled sample of disk PAs, in conjunction with a simple model (described in Section 2.3), to evaluate the hypothesis that circumstellar disks in HAe/Be binary systems lie in the orbital plane (Section 2.4).
Linear spectropolarimetric observations
We present linear spectropolarimetric observations of HAe/Be stars conducted in the R band and centred on Hα. Here we describe the observing procedure and the data reduction steps before presenting the observed spectropolarimetric signatures. The sample was predominately chosen from the catalogue of Thé et al. (1994) . Targets were selected based on their visual magnitude (V ≤ 12-13). This is because spectropolarimetry requires high signal-to-noise-ratio (SNR) data and thus only bright targets can be observed. Most of the targets were binary Herbig Ae/Be stars that had not been observed with spectropolarimetry previously, and these were primarily drawn from Baines et al. (2006) and Thomas et al. (2007) . Several objects with existing spectropolarimetric data were observed to check the results are consistent with previous observations. The linear spectropolarimetric data were obtained using the William Herschel Telescope (WHT) from 08-11-2008 to 10-11-2008 . Clouds were present for the majority of the three nights, preventing observation for some, but not all, of the time. The seeing was typically fair (∼1 ′′ ), although on occasions it became poor (2-2.5 ′′ ). The observations were conducted with the ISIS spectrograph which was equipped with polarising optics comprising of a calcite block and a rotating half-wave plate. The R1200R grating was used and the central wavelength was set to 6560 Å. Several slit widths were used, ranging from 1 to 1.8 arcsec, and the minimum spectral resolution was found to be ∼4250, or 70 km s −1 .
The calcite block separated the incident light into two perpendicular rays: the ordinary (O) and the extraordinary (E) rays. Each observation comprised of both the O and the E ray spectrum of the science target, and a corresponding set of sky spectra. The polarisation at PAs of 0
• , 22.5
• , 45
• and 67.5
• was measured by rotating the half-wave plate. Multiple polarisation standard stars were observed to characterise the instrumental polarisation and calibrate the polarisation angle. A log of the observations is presented in Table 1 .
Data reduction was conducted using the Image Reduction and Analysis Facility (iraf) 1 , in conjunction with routines written in Interactive Data Language (idl). The data reduction process for each observation consisted of trimming, bias subtraction, flat-field division and cosmic-ray removal. Following the above, the target O and E spectra, and those of the sky if they were present, were extracted from each frame. Sky spectra, which were not always detected, were typically a few percent of the stellar spectra. We note that polarisation signatures over Hα, which are the focus of the paper, are unaffected by contaminant sky polarisation. Therefore, the sky polarisation has no influence on our final results. Wavelength calibration was performed using CuNe and CuAr arc spectra, which were obtained periodically during the observing run.
Once the O and E ray spectra had been extracted, the Stokes parameters for each data set were calculated using a routine written in idl. The method used is that outlined in the ISIS polarisation manual by Jaap Tinbergen and René Rutten 2 . For each set of polarisation data, i.e. data obtained with the half-wave plate at 0
• and 45 • or 22.5
• , the ratio of the O and E rays in each spectrum was calculated. To obtain the degree of polarisation, the data obtained at a given PA were averaged and the following equations were used:
where q = Q/I, I is the total flux input and I O,ang and I E,ang are the fluxes of the O and E rays at the stated half-wave plate PAs. This procedure was repeated for the other set of polarisation data, i.e. data obtained with half-wave-plate PAs of 22.5
• , to calculate u.
To calculate the total polarisation and the polarisation angle the data were combined using the following equations:
where P represents the total polarisation, and θ is the polarisation angle.
Instrumental polarisation was not corrected for. The standard observations indicate that the instrumental polarisation is of the order 0.1 per cent, and is not the dominant source of continuum polarisation. Interstellar polarisation is not corrected for either, as such corrections are typically subject to significant uncertainties (see e.g. Jensen et al. 2004 ). Contaminant polarisation simply adds a wavelength independent vector to the Stokes Q and U parameters. Therefore, plotting the spectrally dispersed q against u allows the intrinsic angle of polarisation, and hence the polarising media, to be established.
Spectropolarimetric signatures
We present an example of the spectropolarimetric signatures observed in Figure 1 . Data around Hα for all the stars in the sample are presented in Appendix A in Figure A .1, while continuum polarisation measurements are included in Table 1 . The signatures of the objects previously observed with spectropolarimetry are generally consistent with published results (e.g. Vink et al. 2002 Vink et al. , 2005a Mottram et al. 2007 ). This provides an important check on the data reduction process. In general, the data are of slightly inferior quality to previous observations. This is attributed to the poor weather conditions throughout the observing. Consequently a coarser binning is used than is typical for such data. Five objects exhibit a change in both linear polarisation and the polarisation angle over Hα (HD 179218, HK Ori, MWC 1080, V586 Ori & MWC 147) . MWC 1080 and MWC 147 were also observed by Mottram et al. (2007 . While the data are broadly consistent with the previous observations, the line effects are not obvious in the QU diagram. This is probably a result of the coarse binning. Less coarse binning does not reveal any signatures as the scatter increases considerably. Therefore, the results of M2007 are used rather than these new data. Of the three remaining objects that exhibit line effects, HK Ori and V586 Ori exhibit an excursion in QU space and HD 179218 exhibits a clump of data surrounding the continuum value, with a slight extension along the U axis.
To arrive at the disk position angle from these spectropolarimetric signatures, one should have some knowledge of the polarising mechanism. In general, if the polarimetric signature is the result of simple depolarisation, the polarisation vector in QU space should be measured from the line to the continuum. In case of intrinsic line polarisation, the reverse is true, effectively resulting in a difference of 90
• from the former mechanism. To differentiate between the two, the width of the line-effect is often used as a proxy (see V2002). The intrinsic polarisation angles of HK Ori and V586 Ori are determined via linear fits to their QU excursions, assuming the signature is due to depolarisation (as the width of the spectropolarimetric signatures is comparable to the emission line width, see Vink et al. 2002) . The polarisation angle of HD 179218 is calculated assuming the excursion is only in the U direction and that the signature is due to intrinsic polarisation (since the signature is narrower than the emission line). The uncertainties in the polarisation angles calculated are approximately 10
The continuum polarisation presented in Table 1 is broadly consistent with literature values (see e.g. Maheswar et al. 2002) . However, there are exceptions. For example, we note that the continuum polarisation of HK Ori and MWC 758 differs from literature values. This may be due to intrinsic variability as both objects are known to exhibit variable polarisation (see Baines et al. 2004; Beskrovnaya et al. 1999) . Table 1 . The log of observations. The continuum polarisation was measured in the wavelength region 6520-6600 Å, excluding changes over the Hα line. The uncertainty in the continuum polarisation is typically 0.1 per cent and the uncertainty in the continuum polarisation angle is of the order of 1
• . The polarisation angles are in the equatorial frame. Fig. 1 . An example of the spectropolarimetric signatures of the sample. The top half of the figure presents the spectropolarimetric PA, the percentage polarisation, and the Stokes intensity spectra centred upon Hα. The data are binned to a constant polarisation error, which is stated in the plots. The solid red line is the un-binned line profile. The QU diagrams of the signatures are displayed in the lower half of the figure. The solid lines mark the direction of the intrinsic polarisation.
Literature data
To supplement the spectropolarimetrically observed sample, intrinsic polarisation angles (determined using spectropolarimetry) and binary PAs were taken from the literature. The resultant sample of objects for which both spectropolarimetric and binary PAs are available is presented in Table 2 . As the original studies from which the data are taken were not primarily concerned with disk orientations, we re-assessed all the polarisation angles taken from the literature to ensure they are calculated consistently. The QU data associated with the PAs listed in Table 2 were employed to determine approximate angles. If these differed by more than 90
• from the literature values, the reported angles were rotated by 90
• (see the discussion above on calculating disk PAs from spectropolarimetry). Table 2 presents the resultant sample.
The sample was then further supplemented by adding disk PAs determined from direct imaging and multi-baseline interferometry. The additional sample is also presented in Table 2 .
Modelling co-planar binary systems and disks
In order to compare disk and binary PAs in a meaningful way, a model is required to predict the difference in the two angles expected for various scenarios. Baines et al. (2006) simply compare disk and binary PAs. However, binary PAs do not necessarily relate to the binary orbital plane. For example, even when a binary system and its circumprimary disk lie in the same plane, if the system is seen face-on, the binary PA is unrelated to the PA of the disk. In the case of more edge-on systems, the binary PA Table 2 . Binary systems for which a measurement of the intrinsic polarisation angle (from linear spectropolarimetry) or a direct constraint on the orientation of the circumprimary disk and the PA of the binary system is available. Column 3 denotes the spectral type of the system primary, taken from SIMBAD unless otherwise stated. Column 4 lists the binary PA, column 5 lists the intrinsic polarisation angle and column 6 contains the disk PA. Given the typical errors, the angles are presented to the closest degree. is likely to be aligned with the disk PA. Nonetheless, at certain phases of the orbit, the binary PA will be quite different to the circumprimary disk PA. It is only in the extreme case of an edgeon, co-planar system that the disk and binary PAs are constantly aligned. Here we employ a new model to predict the average distribution in the difference between disk and binary PA when circumstellar disks and binary orbits lie in the same plane. The model is characterised by a random orbital phase; inclination; semi-major axis and PA of the line about which the system is inclined. The eccentricity of the system was kept constant. Although a constant eccentricity is not truly representative of the eccentricity distribution of PMS binary systems (see e.g. Goodwin et al. 2007 ), neither is a random eccentricity distribution. Since the eccentricity can affect the results, the input eccentricity is left as a constant and is treated as a free parameter. This allows us to fit the observed distribution in differences between binary and disk PAs. The masses of the components were kept constant at 6 & 1 M ⊙ . The component masses have little influence on the final distribution and are mentioned only for completeness.
We used 10 000 random systems to determine the distribution in the difference between the disk and binary PAs (∆PA). Spectropolarimetry is insensitive to face on systems as the projected polarisation vectors cancel one-another out. Therefore, systems with low inclinations are discarded. The value of the cut-off inclination does affect the final distribution. However, so long as large values (e.g.> 50
• ) are not chosen, the differences between the final distributions are relatively small. Since we also use imaging observations which are less sensitive to inclination, a low cut-off value (10 • ) is used. The imaging and spectropolarimetric samples have different cut-off values. However, neither sample is large enough to be used in isolation, and thus a single cut-off value is required. Changing the cut-off value has a similar effect to changing the eccentricity. Since we use the eccentricity as a free parameter, the use of a single cut-off value for the sample of both imaging and spectropolarimetric data will not prevent a fit to the data. By varying the eccentricity to fit the data, the uncertainty in the cut-off value is essentially incorporated into the best-fitting eccentricity as a systematic uncertainty. Figure 2 presents a typical distribution. We are only concerned with the magnitude of the difference between disk and binary PAs. Therefore, we convert all differences between these angles to be in the range 0 − 90
• . For example, a difference of 170
• is 10
• away from alignment, and is thus classified as a difference of 10
• . An alignment between disk and binary PAs corresponds to an offset of 0
• . It can be seen that the distribution tends towards intrinsic alignment, and appears noticeably different to the distribution expected if the two angles are not related. Specifically, the distribution does not exhibit a direct correlation between binary and disk PA, but does demonstrate an excess of aligned angles over the random distribution. This is to be expected based on the previous discussion. To reiterate, co-planar disks and orbits are more likely to be observed to be aligned than not, since at high inclinations the disk and binary PAs will be the same. This is not the case for non-coplanar systems. Therefore, the co-planar distribution exhibits a preference for an alignment Fig. 2 . The expected distribution in the difference between position angles of disks and binary systems in a co-planar model (blue solid line) with an eccentricity of e = 0.5. The black dotted line represents the expected distribution due to a random orientation of binary and disk PAs.
between disk and binary position angles compared to the random distribution.
We note that comparing this model to observations assumes that the orientation of the circumstellar disks in the sample is primordial. This need not be the case. Even if the circumstellar disks in HAe/Be binary systems originally lie in the plane of the binary orbits, gravitational interactions with another star have the potential to alter their orientation (see e.g. the discussion in Bate et al. 2000) . This would weaken an intrinsic correlation between binary and disk PA. Therefore, any observed correlation between disk and binary PA may be more significant than it initially appears. However, quantifying this is beyond the scope of the paper.
The relationship between binary and disk position angle
The final sample of HAe/Be binary systems with disk PAs contains 20 objects, and is thus more than three times greater than that of Baines et al. (2006) . The differences between disk and binary PAs in the sample are compared to the co-planar model and a random distribution. In Figure 3 we show the cumulative distribution of the differences in PA between the binary systems and those derived for the disks. Also in the figure are the distributions predicted by the co-planar model and a completely random association of disk and binary PAs. A first glance indicates that the aligned scenario provides a better fit to the data than the random distribution. This is corroborated by a KolmogorovSmirnov (KS) test; while the co-planar model is found to be consistent with the data (it can only be ruled out at the 0.2σ level), the random hypothesis is barely consistent with the data, and can be rejected at a level of 2.2σ.
This 2σ level of rejection may seem low, but we note that both models are more similar in their cumulative distributions than one might naively expect. As mentioned earlier, this is because inclined binary systems do not necessarily have the same observed orientation as their circumprimary disks. This may explain why our significance, with an improved data-set, is of the same order as Baines et al. (2006) found with a smaller data-set and a more simplistic model. Fig. 3 . The difference in disk and binary PAs presented in Table  2 (red dashed). This is compared to the co-planar model with a constant eccentricity of 0.1 (blue solid) and a distribution generated by assuming the two angles are randomly aligned (black dotted). Note that ∆PA refers to the difference between binary and disk position angle (i.e. accounting for the 90
• offset between spectropolarimetric signatures and disks).
Improving the current statistics requires further enlarging the sample. We find that if the data followed the model distribution exactly, differentiating between the two scenarios at a 3σ level would require a sample of approximately 50 objects. Nonetheless, the current data are consistent with the co-planar hypothesis and furthermore, this scenario is favoured over random alignments.
Does spectropolarimetry really trace circumstellar disks?
Our use of spectropolarimetry assumes that the spectropolarimetric signatures of HAe/Be stars can be used to trace the orientations of their circumstellar disks. Linear polarisation has been used for some time to probe the orientation of circumstellar disks (see e.g. Bastien & Menard 1990) . However, the proposal of and Kuhn et al. (2007) that the spectropolarimetric signatures of HAe/Be stars are due to optical pumping and not scattering in a disk implies that these signatures do not have to trace disks. We address this issue here and do this by comparing spectropolarimetric observations of young stellar objects with independent measurements of the orientation of their disks. To increase the sample we include observations of both HAe/Be and T Tauri stars. Table 3 presents the sample of young stellar objects, both low mass T Tauri objects and Herbig Ae/Be stars, for which the combination of spectropolarimetric observations and independent observations of their circumstellar disks is available. We first concentrate on the HAe/Be sample and then assess whether there is a general trend within the combined sample of young stellar objects. The majority of HAe/Be disks are thought to be optically thin (see e.g. Natta et al. 2001) . If the observed polarisation signatures are due to single scattering in these disks, the polarisation angles will be perpendicular to the disks' PA on the sky. Therefore, if the spectropolarimetric signatures of HAe/Be stars are due to disks, the difference between the disk and polarisation angles for this sample will be 90
• . In testing this hypothesis, we allow for an uncertainty in the difference between polarisation and disk PAs of ∼15
• , which is typical for the values used. In some cases, there is a systematic uncertainty due to different PAs being reported by different authors. For example, in the case of AB Aur, Mannings & Sargent (1997) • . However, such cases are not common, and are unlikely to influence conclusions regarding the whole sample.
Herbig Ae/Be stars
In the case of the HAe/Be stars in Table 3 , the majority of the objects (7 out of 9) have polarisation angles approximately perpendicular to their imaged disks. This might be expected if the polarisation signatures are due to single scattering in disks. Therefore, this appears to validate the use of spectropolarimetry to trace disks. Here we quantify this. We use the HAe/Be star data in Table 3 to test the hypothesis that the intrinsic polarisation angle is always perpendicular to the disk PA (within the errors). The cumulative distribution of the difference in disk PA and polarisation PA is shown in Figure 4 . We find that the hypothesis that the disk and polarisation angles are unrelated to each other and thus randomly oriented can be discounted at a significant level (at 3.1σ according to the KS test). In contrast, the hypothesis that the spectropolarimetric signatures of the HAe/Be stars are oriented perpendicularly to their disks cannot be rejected beyond the 1σ level, and is thus consistent with the data. Therefore, we find that spectropolarimetric signatures of HAe/Be stars do trace the orientation of their circumstellar disks.
We note that, although the majority of HAe/Be objects exhibit a difference in disk and polarisation angle that is close to 90
• , two objects have disk and polarisation angles that are essentially aligned. This is contrary to expectations based on single scattering occurring in an optically thin disk. In their smaller sample, Vink et al. (2005a) also note several objects where this is the case. They suggest that while the spectropolarimetric signatures of all young stellar objects are due to circumstellar disks, the angle of the resulting polarisation vector is dependent upon the properties of the inner disk. If the inner disk is optically thin, single scattering dominates and the resulting polarisation vector is perpendicular to the disk PA. In contrast, if the inner disk is optically thick, the polarisation vector is parallel to the disk PA due to multiple scattering.
Many of the T Tauri stars in Table 3 also have disk and polarimetric PAs that are aligned. Therefore, if this argument is correct, it would appear that the majority of T Tauri star disks are optically thick in the inner regions.
Removing the dependence on optical depth
Although the previous test provides a statistically significant result, it could be argued that this is dependent upon prior knowledge of the disks' optical depth. Assuming HAe/Be star disks are optically thin is in part justified. The vast majority of the HAe/Be stars considered have an offset between disk and polarisation angle that is close to 90
• , as expected for single scattering in optically thin disks. However, it could be argued that this is a circular argument. Moreover, in the case of the T Tauri objects, the disk and polarisation angles are generally aligned. A more appropriate hypothesis for the total sample may be a combination of the two scenarios, i.e. that polarisation angles are related to the PAs of disks, but that the polarisation angles can be either aligned or perpendicular to the disk. In general, we do not have prior knowledge of the optical depth of the disks. Therefore, we test the relationship between polarisation and disk angle without making a priori assumptions.
In the scenarios mentioned above, the difference between the disk and spectropolarimetric angle is either 0 or 90
• , depending upon the optical depth of the inner disk. Consequently, it can be expected that the offset from 45
• to the difference between disk and spectropolarimetric angle (henceforth ∆Ψ) is always 45
• . We note that this is the case regardless of whether the signature is interpreted as being due to line polarisation or depolarisation, or whether the disk is optically thin or thick. Therefore, this test is even more robust than the previous which assumes optically thin scattering and is subject to the polarisation signature being interpreted correctly. Here we compare this hypothesis to the sample presented in Table 3 . The disk and spectropolarimetric angles in Table 3 are used to calculate ∆Ψ. This is then compared to the hypothesis that ∆Ψ is 45
• by calculating the average of 10 000 equally sized samples in which ∆Ψ is 45
• but with an additional random error contribution with a maximum value of 15
• (see Figure 4 ).
The hypothesis that ∆Ψ is random can be discounted at a significant level (above 3σ). This leaves the hypothesis that ∆Ψ is always 45
• , which cannot be rejected at greater than a 1σ level and is thus consistent with the data. This confirms the earlier finding that spectropolarimetric signatures trace disks and demonstrates that this is not dependent on spectral type and classification (i.e. T Tauri star or HAe/Be star).
To summarise, we show that the spectropolarimetric data presented in Table 3 do appear to trace circumstellar disks. This would be expected if the polarisation is due to scattering in these disks. However, Harrington & Kuhn (2009) claim many of the HAe/Be stars in our sample have polarisation signatures which require optical pumping and absorption in outflows (e.g. AB Aur and MWC 480). We show here that regardless of the polarising mechanism, spectropolarimetry can be employed to trace the orientation of circumstellar disks.
Discussion and Conclusion

On the use of spectropolarimetry to probe circumstellar disks
The results presented in this paper indicate a direct correlation between the spectropolarimetric signatures of pre-mainsequence stars and the orientations of their circumstellar disks. This is significant above the 3σ level and appears independent of the classification of the young stellar objects. Therefore, we conclude that spectropolarimetric signatures of young stellar objects do indeed trace the orientation of their circumstellar disks. This is expected in the case of polarisation of stellar and accretion shock photons by disks (McLean & Clarke 1979; Vink et al. 2002) . In the case of polarisation via optical pumping and absorption, the relationship between spectropolarimetric signatures and disks is less clear. We note that Kuhn et al. (2010) suggest that the polarisation signature of the Herbig Be star HD 200775 is due to optical pumping and that the signature does trace the orientation of an imaged disk. However, the spectropolarimetric signature of this object is observed across a double-peaked emission line profile, and might therefore be the result of depolarisation after all. Nevertheless, many Herbig Ae/Be stars, several Table 3 . Young stellar objects (column 1) for which spectropolarimetric observations and a direct measurement of their disk PA are available. The disk and adopted polarisation angles are presented in columns 4 and 5 and the difference between them is listed in column 6. Finally, column 7 indicates objects where the difference is close to 90
high spatial resolution data to determine the orientation of circumstellar disks around the primary components of such systems. We then combined these disk angles with binary parameters to assess whether HAe/Be circumstellar disks and binary systems are co-planar. Studies of lower mass T Tauri stars have found that the circumstellar disks in T Tauri star binary systems tend to be aligned, suggesting that such systems may form via fragmentation (see e.g. Wolf et al. 2001; Jensen et al. 2004; Monin et al. 2006 ). Here we investigate whether this is also the case for HAe/Be systems. We note that Maheswar et al. (2002) also compared HAe/Be binary and polarisation angles (although these were calculated via broadband polarimetry and thus subject to uncertainties in the correction for the interstellar polarisation). These authors find that their data are inconsistent with a random association of disk and binary position angles with a significance of 84 per cent. This is not very conclusive and the authors note that they do not account for projection effects and thus the actual correlation may be stronger. We do account for projection effects and demonstrate that, in principle, co-planar and randomly orientated disks and binaries can be differentiated. We show that the data are best fit with a model in which the binary orbit and circumprimary disk are co-planar. This is consistent with the suggestion that these systems formed via the monolithic collapse of a core and subsequent disk fragmentation, which is how massive binary systems are thought to form (see Krumholz et al. 2009 ). However, as of yet, a random association of disk and binary planes can only be excluded at a 2σ level. A sample of approximately 50 objects is required to reject the random hypothesis and thus to differentiate between the two scenarios at 3σ or higher.
Final remarks
To summarise, we find that spectropolarimetric signatures of young stellar objects do trace the orientation of their circumstellar disks. This is independent of a specific mechanism for the linear polarisation. In itself, this finding is insensitive to the polarising mechanism as all mechanisms require some form of asymmetric geometry. We note that scattering in a disk appears a plausible polarisation mechanism as it naturally explains the relationship between disk and polarisation angle. Furthermore, assuming the polarisation of T Tauri stars is due to multiple scattering in optically thick disks, it is consistent with the observation that T Tauri star polarisation is generally parallel to imaged disks while the reverse is true for most HAe/Be stars. It is not clear how optical pumping and polarisation via absorption can reproduce the different polarimetric behaviour of HAe/Be and T Tauri stars. Further modelling is required to investigate this issue.
We conclude that our results are entirely consistent with the disks and orbits of HAe/Be binaries being co-planar, and thus with the scenario of binary formation via disk fragmentation. Further spectropolarimetric observations, e.g. provided by SALT, in conjunction with additional high resolution data, e.g. provided by NIR interferometry, are required to increase the sample and conclusively differentiate between aligned and random orientations of disks and binaries. Fig. A.1 . The spectropolarimetric signatures of the sample. For each object the spectropolarimetric PA, the percentage polarisation, and the Stokes intensity spectra are presented centred upon Hα. The data are binned to a constant polarisation error, which is stated in the plots. The solid red line is the un-binned line profile. Fig. A.2 . The QU diagrams of MWC 1080 and MWC 147. The data are binned to a constant polarisation error, which is stated in the plots.
